The ability of an animal to run fast has important consequences on its survival capacity and overall fitness. Previous studies have documented how variation in the morphology of the limbs is related to variation in locomotor performance. Although these studies have suggested direct relations between sprint speed and hindlimb morphology, few quantitative data exist. Consequently, it remains unclear whether selection acts in limb segment lengths, overall muscle mass or muscle architecture (e.g. muscle fiber length and cross-sectional area). Here, we investigate whether muscle architecture (mass, fiber length and physiological cross-sectional area), hindlimb segment dimensions, or both, explain variation in sprint speed across 14 species of Anolis lizards. Moreover, we test whether similar relationships exist between morphology and performance for both sexes, which may not be the case given the known differences in locomotor behavior and habitat use. Our results show that the main driver of sprint speed is the variation in femur length for both males and females. Our results further show sexual dimorphism in the traits studied and, moreover, show differences in the traits that predict maximal sprint speed in males and females. For example, snout vent length and overall muscle mass are also good predictors of sprint speed in males, whereas no relationships between muscle mass and sprint speed was observed in females. Only a few significant relationships were found between muscle architecture (fiber length, cross-sectional area) and sprint speed in male anoles, suggesting that overall muscles size, rather than muscle architecture, appears to be under selection.
INTRODUCTION
Performance, or the ability of an animal to execute an ecologically relevant task (Huey and Stevenson, 1979; Irschick and Higham, 2016) , is a central component of evolutionary studies investigating trait utility. For example, the ability of an animal to run fast has consequences on its ability to capture prey, defend territories or to escape predators (Hildebrand, 1985; Garland and Losos, 1994) and as such may be under direct selection . Given the importance of locomotion in many ecologically relevant contexts, many studies have focused on the morphology of the limbs in relation to performance and habitat use (e.g. Snyder, 1954 Snyder, , 1962 Losos, 1990a,b,c; Irschick and Jayne, 1999; Zaaf et al., 1999 Zaaf et al., , 2001 Zani, 2000; Irschick and Garland, 2001; Herrel et al., 2008; Abdala et al., 2009; Tulli et al., 2011; Higham, 2012, 2014; Lowie et al., 2018) . One recurrent finding in studies assessing the relation between morphology and performance is that variation in body size is often correlated with variation in performance (Losos and Sinervo, 1989; Losos, 1990a,b; Garland and Losos, 1994; Arnold, 1998; Irschick and Jayne, 1998; Bonine and Garland, 1999; Vanhooydonck et al., 2002; Van Damme and Vanhooydonck, 2001) . Moreover, longer legs should also provide a performance advantage as they allow an animal to take greater strides (Hildebrand, 1974) . Although most studies trying to relate sprint speed and hindlimb morphology used total limb length (e.g. reviewed in Garland and Losos, 1994; Bauwens et al., 1995; Bonine and Garland, 1999) , other studies have demonstrated that specific limb segments may be better predictors of sprint speed in lizards (Miles, 1994; Fieler and Jayne, 1998; Irschick and Jayne, 1999; Vanhooydonck et al., 2006a,b) .
Previous studies based on myological, kinematic and electromyographic data also suggested an important role of the limb muscles in driving variation in sprint speed (Snyder, 1954; Reilly, 1995; Reilly and Delancey, 1997; Nelson and Jayne, 2001) . Specifically, larger muscles may provide more absolute power output and thus increase locomotor performance (James et al., 2007) . Moreover, a study investigating sprint speed and acceleration capacity across 16 species of Anolis showed that not only the size of the hindlimb segments is correlated with sprint speed but also the mass of the hindlimb muscles (Vanhooydonck et al., 2006a,b) . However, in that study, only three muscle groups (knee and ankle extensors, femur retractor) were studied. Consequently, more quantitative data on variation in limb muscles among species, and how it influences variation in sprint speed, are needed. Specifically, whether faster running involves only changes in overall muscle size or whether muscle architecture (e.g. muscle fiber length or muscle cross-sectional area) is also affected remains unknown.
Additionally, sexual dimorphism in size and shape, commonly observed in many lizard species, is known to influence locomotor performance (Butler et al., 2000; Butler and Losos, 2002; Losos et al., 2003; Irschick et al., 2005; Herrel et al., 2006 Herrel et al., , 2007 Butler, 2007) . Given the documented differences in behavior among males and female lizards in terms of territorial defense, such differential evolutionary pressures, may result in differences in limb anatomy and locomotor performance (Perry et al., 2004; Husak et al., 2008; Herrel et al., 2016) . Males may, for example, benefit from greater endurance capacity as this performance trait provides some advantage in dyadic encounters (Perry et al., 2004) . Female lizards, by contrast, are often more cryptic and run shorter distances when confronted with a predator (Vanhooydonck et al., 2007) . Finally, habitat use is also known to differ between male and female Anolis lizards (Butler et al., 2000) , and may consequently put different selective pressures on limb dimensions.
In this study, we investigate the proximate determinants of sprint speed in Anolis lizards. We chose this genus because it is species rich and morphologically diverse, and because Anolis lizards occupy a diversity of ecological niches (Williams, 1983; Avila-Pires, 1995; Losos et al., 1998; Jackman et al., 1999; Pinto et al., 2008; Sanger et al., 2008; Nicholson et al., 2012; Pyron et al., 2013; Vitt and Caldwell, 2014) . Specifically, we investigated whether muscle properties (mass, fiber length and physiological cross-sectional area) or hindlimb segment dimensions, or both, explain variation in sprint speed across species. We predict that the muscle cross-sectional area of the knee and ankle extensors will be directly related to an increase in sprint speed, as suggested by previous studies (Vanhooydonck et al., 2006a,b) . Moreover, we test whether the relationships between morphology and performance are similar in male and female anoles. We predict that males will show stronger relationships between morphology and performance given the stronger selection for locomotor performance in males (Perry et al., 2004; Vanhooydonck et al., 2007; Husak et al., 2008) .
MATERIALS AND METHODS Specimens Dissection and muscle properties
For each of the 14 species included in the analysis (see Fig. 1 ), we selected three individuals, representing both sexes, based on their availability (except for Anolis pentaprion, for which only one specimen was available for dissection, and Anolis oxylophus, for which only females were available). These specimens were housed at the collections of the Museum of Comparative Zoology at Harvard University (Table S1 ) and in the personal collection of A.H. (Muséum National d'Histoire Naturelle, Paris). Species were selected to represent a diversity of ecologies and morphologies. As the limb proportions are known to change during ontogeny (Carrier, 1995; Irschick, 2000) , only adults were used in this study. Adults were identified as being reproductively active with fully developed gonads.
For the analysis, the specimens selected for morphological analyses were stored in a 70% aqueous ethanol solution (see Table S2 ). Before dissection, each specimen was submerged in water for 15-20 min to rehydrate it. For all muscles, the nomenclature of Herrel et al. (2008) Pyron et al. (2013) and Poe et al. (2017). were then put in a 50% glycerol solution and the average fiber length of each muscle was determined by drawing at least 10 fibers for every muscle (using a dissecting microscope with camera lucida attachment). Drawings were scanned and fiber lengths were quantified using ImageJ v 1.47 (Wayne Rasband, National Institutes of Health, USA). Next, we calculated the average length of the fibers for each muscle. Finally, the physiological crosssectional area (PCSA) of each muscle was calculated as follows:
where mass was measured in g and fiber length in cm. A muscular density of 1.06 g cm −3 (Mendez and Keys, 1960) was used. Pennation angles were not included in the calculation of PCSA because they are generally shallow in limb muscles and consequently have only a minor impact on PCSA (Hartstone-Rose et al., 2012) .
Limb dimensions
Limb dimensions were taken for 705 specimens belonging to 14 species of Anolis ( Fig. 1 ). We measured snout-vent length (SVL) as well as all hindlimb segment lengths as described in Herrel et al. (2008) (Fig. 2) . SVL was measured from the tip of the snout to the posterior edge of the anal scale; tail length was measured from the posterior edge of the anal scale to the tip of the tail; femur length was measured from the axilla to the tip of the femur; tibia length was measured from the femoro-tibial joint to the tibia-metatarsus joint; metatarsus length was measured from the proximal-most part of the metatarsus to the base of the longest toe; longest toe length was measured from the base to the tip of the toe, not including the claw. All measurements were taken using digital callipers (Mitutoyo CD-20DC, Japan; precision: 0.01 mm), and were taken on the left side of the specimens. Vanhooydonck et al., 2006a, b) . Data were collected during the reproductive season for all species. Only data for adult males and females were used so they could be compared to muscle data obtained through dissection for individuals of similar size (see Table S2 ). Gravid females were eliminated from the data set before calculating mean sprint speeds. We recorded the maximum sprint speeds in a field laboratory setting. Sprint speeds were measured by inducing a lizard to run up a 3 cm wide and 2 m long wooden dowel placed at an angle of 45 deg. For all running trials a similar wooden dowel providing good traction to the lizards was used. Pairs of photocells (Keyence FU12, Osaka, Japan) connected to a controller (Keyence KV 40RW/T2W Programmable logic controller) were set at 25 cm intervals. A portable computer recorded the times at which the lizard passed the cells. The lizard's velocity over each 25 cm interval was then quantified. Lizards were encouraged to run by tapping the base of their tail. Three trials were conducted for each individual at hourly intervals, and the highest speed recorded over a 25 cm interval was taken as that individual's maximum sprint speed. Sprint speeds were measured at ambient temperatures corresponding to the air temperatures in the shade at which we saw the lizards active (La Selva, Costa Rica: 27±0.5°C; Gamboa, Panama: 28.5±0.3°C; Otongachi, Ecuador: 23.4±0.3°C; Bogota, Colombia: 21.8±3.4°C; New Orleans, USA: 24.9±2.2°C; El Yunque, Puerto Rico: 24.9±1.1°C; Discovery Bay, Jamaica: 25.9±1.0°C). Only trials in which a lizard appeared to be moving at maximal capacity and scored as 'good' were retained for analysis.
Statistical analyses
All muscular, morphological and performance variables were logarithmically transformed (log 10 ) before the analysis to fulfil assumptions of normality and homoscedasticity. All analyses were performed in R (http://www.R-project.org/). The significance threshold was set at α=0.05. We first grouped the 31 muscles into nine functional groups: femur protractors including the tensor aponeurosis communis, the pubofemoralis pars dorsalis (dorsal part+internus part) and the ischiofemoralis dorsalis anterior; femur retractors including the ischiofemoralis posterior and the caudofemoralis longus; femur adductors including the puboischiotibilais, the pubofibularis, the pubofemoralis pars ventralis, the ischiofemoralis anterior, the flexor tibialis externus, the flexor tibialis internus, the adductor femoris, the ilioischiofibularis, the iliofiburalis and the ilioischiotibialis; femur abductors including the iliofemoralis; knee extensors including the ambiens pars dorsalis, the ambiens pars ventralis, the femorotibialis ventralis and the femorotibialis dorsalis; the knee flexors including the puboischiotibialis, the flexor tibialis externus, the flexor tibialis internus, the iliofiburalis and the ilioischiotibialis; the ankle extensors including the gastrocnemius pars fibularis (pars major), the gastrocnemius pars fibularis (pars minor), the gastrocnemius pars profundus, the flexor digitorum communis, the extensor ossi metatarsi hallucis, the peroneus brevis and the peroneus longis; the ankle flexors including the tibialis anterior and the extensor digitorum longus; and others including the caudofemoralis brevis and the popliteus. Note that bi-articular muscles may figure in multiple functional groups as their actions impact the movement at several joints.
We first tested for dimorphism in these traits using paired-sample t-tests on the log 10 -transformed means of the original variables. As sexual dimorphism was significant (Table 1 ; see also Butler and Losos, 2002; Herrel et al., 2006 Herrel et al., , 2007 , we ran all subsequent analyses for males and females separately.
Species are not independent data points and as such phylogeny needs to be taken into account in the analyses (Felsenstein, 1985) . The phylogenetic tree used in our analyses is based on Pyron et al. (2013) as it includes branch lengths. This tree was pruned to include only the species included in our study. As A. pentaprion was missing in Pyron et al. (2013) but is closely related to Anolis utilensis according to the phylogeny of Poe et al. (2017) , we replaced the A. utilensis by A. pentaprion in our pruned tree. To estimate the phylogenetic signal in the data, a univariate Pagel's λ with the function 'phylosig' in the 'phytools' library was calculated on the log-transformed means of the raw data for males and females separately (Revell, 2012) . The higher the λ, the stronger the phylogenetic signal.
To investigate whether variation in limb dimensions and/or muscle characteristics explained variation in sprint speed, we ran a phylogenetic generalized least squares (PGLS) analysis with log 10 sprint speed as the dependent variable and log 10 SVL, log 10 limb dimensions and the log 10 muscle data per functional group as the independent variables. Given that the overall analysis may suffer from low statistical power given the number of variables used, we ran subsequent PGLS analyses on each functional group and limb segment separately.
To assess the correlation between the dimensions of proximal relative to distal parts of the limb on one hand, and sprint speed on the other hand, residuals were obtained from the PGLS regression of proximal to distal limb dimensions. Similarly, we calculated the residuals of a PGLS regression of the sum of proximal muscle masses on the sum of distal muscle masses. Next, we ran Pearson's correlation tests between these residuals and the log 10 -transformed sprint speed. Finally, using paired-sample t-tests, we tested whether there are differences in the relative contributions of proximal to distal parts (segment lengths and muscles) between males and females. As the maximum sprint speed of large anoles could be underestimated on a 3 cm dowel (see Losos and Sinervo, 1989) , we regressed the decrease in sprint speed on a 3 cm dowel relative to a 4.6 cm dowel on limb length (based on the data presented in the Losos and Sinervo, 1989 paper) and used it to correct our maximal sprint speeds for males. Note that we ran this analysis for males only as the data in the Losos and Sinervo (1989) paper pertain to males only.
RESULTS
Quantitative data on sprint speeds, limb dimensions, muscle masses, fiber lengths and PCSA for males and females are provided in Tables 2-6. Of the 34 variables examined, 22 were significantly different between males and females ( Table 1) . Residuals of regressions of proximal to distal segment lengths and muscle masses were not significantly different between males and females (Table S3 ). No phylogenetic signal was observed in our data, neither for males nor for females (all P>0.05; Table 1 ).
Determinants of sprint speed Males
The PGLS analysis performed on the log 10 SVL, log 10 limb dimensions and the log 10 muscle data showed that variation in overall muscle mass (F 1,10 =8.97, P=0.018) and SVL (F 1,10 =9.18, P=0.014) explains variation in sprint speed in male Anolis (Table 7) . The subsequent analyses performed on the limb segment data and the muscle properties showed that femur length (F 1,10 =10, P=0.015), tibia length (F 1,10 =6.59, P=0.034) and overall hindlimb length (F 1,10 =6.48, P=0.044) are significant determinants of sprint speed in male Anolis. In addition, muscle masses and the muscle fiber length of the femur protractors explained variation in sprint speed across males (Table 8) . No correlations were found between the ratios of proximal to distal limb dimensions and muscles masses (Table S4 ). The regression of the decrease in sprint speed on limb length in males based on the data in Losos and Sinervo (1989) was not significant (P=0.11), likely due to the small number of species included in that data set. However, using the regression equation we corrected the maximal speeds in males and reanalyzed our data. When using the correction for speed, tibia length and hindlimb length are no longer significant predictors (Table S5 ). All other results remained the same.
Females
The PGLS analysis performed on the log 10 SVL, log 10 limb dimensions and the log 10 muscle data showed that there are no significant global determinants of sprint speed. The subsequent analyses performed on limb segments, hindlimb length and the muscle properties separately showed that only femur length, the PCSA of the femur retractors and mass of the femur abductors are significant determinants of sprint speed in females (Table 8) . No correlations were found between the ratios of proximal to distal limb dimensions and muscle masses (Table S4 ).
DISCUSSION

Sexual dimorphism
In accordance with previous studies (e.g. Butler et al., 2000; Butler and Losos, 2002; Losos et al., 2003; Irschick et al., 2005; Herrel et al., 2006 Herrel et al., , 2007 Butler, 2007) , our results demonstrate significant sexual dimorphism across the 14 species of Anolis included in this study. Sexual dimorphism exists for both sprint speed, and for several limb segment lengths and muscle size and architecture. A potential explanation for the larger muscles in male anoles and their higher sprint speeds could be that, in some species such as trunkground anoles, males have to defend territories, thus putting stronger selection on sprint speed compared with females (Stamps et al., 1997; Perry et al., 2004; Lailvaux and Irschick, 2007) . Male lizards are also more conspicuous than females, which rely more on crypsis than running when confronted with potential predators (Vanhooydonck et al., 2007) . Thus, unlike females, males may benefit from a greater power output and greater sprint performance, resulting in the observed differences between sexes. These differences have important implications for comparative and evolutionary studies as male and female lizards appear to be divergent and under different selective pressures. Consequently, the inclusion of both sexes is needed in comparative studies in order to understand the evolution of limb morphology or locomotor performance in Anolis and likely other lizards. Why the morphological drivers of sprint speed are different in males and females remains an open question, however. One possibility is that females were less motivated to run given that they rely less on sprinting for predator escape. If so, this could lead to an underestimate of peak speeds in females, rendering the associations between morphology and speed less clear. However, given that both males and females were actively chased up the race track and that only the single fastest 25 cm run out of the 24 was used, we think this unlikely. As an alternative hypothesis, male lizards may have larger muscles and faster running speeds not as a result of selection on sprint speed per se but as a result of sexual selection on the accelerations and high grappling moments needed when fighting with other males (Pasi and Carrier, 2003; Morris and Carrier, 2016) . This would be consistent with the lack of a correlation between sprint speed and the ratio of proximal and distal limb element masses. Indeed, strong distal limb elements can be expected to be beneficial when fighting. Fighting in anoles typically involves head locking followed by an intense phase where males try to push each other of the branch (Lailvaux et al., 2004) . During these types of interactions, stability and the ability to hold on to a branch are critical and likely facilitated by strong distal limb elements. The greater sprint speeds observed in males may then only be an epiphenomenon of selection on fighting ability. This remains to be tested, however.
Proximate drivers of sprint speed
Body size (SVL) appears to be a good predictor of maximal sprint speed in males, consistent with prior work on anoles and other lizards (e.g. Garland and Losos, 1994; Irschick and Jayne, 1998; Van Damme and Vanhooydonck, 2001; Vanhooydonck et al., 2002) . However, independent of overall size, limb length or limb segment lengths may drive variation in sprint speed. Indeed, as suggested by Hildebrand (1974) (see also Garland and Losos, 1994; Bauwens et al., 1995; Bonine and Garland, 1999) , longer legs should allow the animal to take greater strides and increase maximal speed for a given stride frequency. Specific limb segment lengths may also drive variation in sprint speed. As previously shown, the length of the tibia (Vanhooydonck et al., 2006a,b) or the foot (Miles, 1994; Fieler and Jayne, 1998; Irschick and Jayne, 1999) can be important drivers of sprint speed. Our analyses focusing on limb segment lengths show that the femur length is the principal driver of maximal sprint speed for both males and females. These findings corroborate the results of Vanhooydonck and coworkers (2006a,b) in showing that longer limbs enhance sprint speed. Our results also showed that tibia length likely plays an important role in driving variation in sprint speed in males, but not females. Previous studies on lizards suggested that only specific muscle groups contribute to the generation of force during sprinting.
Indeed, in Sceloporus clarkii, only the femur retractors, the knee extensors and the plantar flexors appear to contribute to propulsion (Reilly, 1995) . In another comparative study including four iguanid and two agamid lizard species, the femorotibialis, a knee extensor, was suggested to provide the main propulsive force to move the body forward (Snyder, 1954) . More recently, Vanhooydonck and coworkers (2006a,b) found that the mass of knee extensors was the best predictor of sprint speed across a sample of Anolis lizards. Our results showed that the overall muscle mass of the nine functional groups is the best predictor of sprint speed in males, yet none of the muscle groups per se were good predictors. As highlighted by James et al. (2007) , heavier muscles provide more power output and consequently may provide greater propulsive force. Our results corroborate this hypothesis, as larger muscles are directly linked to an increased sprint performance in male anoles. However, for females, only the mass of the femur abductors appears to drive variation in maximal speed. Although counterintuitive at first, femoral abduction plays an important role in disengaging the limb from the substrate and the initiation of the swing phase. One possible explanation for the fact that this result was specifically observed in females and not males is that females have wider bodies. Consequently, females may need to abduct the femur further in order to initiate the forward movement of the leg without interfering with the body. This hypothesis could be tested by recording and analyzing high-speed videos of locomotion in male and female anoles.
With the exception of the length of the fibers of the femur protractors in males and the PCSA of the femur retractors in females, muscle architecture did not seem to be a good overall predictor of sprint speed. The longer fiber lengths of the limb protractors may provide males with faster limb protraction during the swing phase and thus may result in an increase of stride frequency (Weyand et al., 2000) . The greater PCSA of the femur retractors allows for a more forceful limb retraction during the stance phase and thus greater ground reaction forces, often thought to be the principal determinant of running speed (Weyand et al., 2010; Seitz et al., 2014) . Interestingly, features of the hindlimb muscles that affect both swing and stance phases are affected, suggesting multiple solutions for the same functional problem.
Limitations of the study
One of the possible limitations of the study that may explain the few significant associations between morphology and sprint speed is that we used only a single dowel diameter that was relatively narrow for species with the longest limbs. Indeed, Losos and Sinervo (1989) showed that long-legged species suffer from a reduction in sprint speed on narrow dowels. For species like A. gundlachi, for example, sprinting on a 3 cm dowel as used in our study reduced its maximal speed to roughly 73±1.5% of its peak sprint speed on the widest dowel tested. A comparison with the published data in Losos and Sinervo (1989) shows that the sprint speeds for the species as reported here match closely the sprint speeds reported in that paper. This would then imply that we may have underestimated the speeds in species with long hindlimbs, reducing the explanatory power of our morphological variables in predicting sprint speed. However, when we corrected our data using the quantitative data presented in the Losos and Sinervo (1989) paper, results remained largely unchanged. The only difference was that tibia length and SVL were no longer predictors of sprint speed. However, clearly, additional quantitative studies on the relation between perch diameter and sprint speed should be performed, allowing us to fine tune the corrections used. Moreover, data on the effect of perch diameter on sprint speed in females are completely lacking and are needed. Another limitation of the study is that we only investigated sprint speed and did not calculate acceleration capacity. Acceleration capacity has been shown to be an important trait in Anolis lizards (Vanhooydonck et al., 2006a,b) . However, in a previous study (Vanhooydonck et al., 2006a) it was shown that acceleration and sprint speed are correlated with one another and, moreover, correlated with the same muscles (knee extensors), suggesting that muscular traits driving variation in sprint speed should also drive variation in acceleration capacity. However, limb length segments were shown to be important only in driving variation in sprint speed in that study (Vanhooydonck et al., 2006a) .
Conclusion
In accordance with previous studies, sexual dimorphism was observed across the 14 Anolis species included in the present study. In both males and females, femur length appears to be a good predictor of maximal sprint speed. Moreover, in males, SVL and overall muscle mass appear to be good predictors of sprint speed. Few significant differences were found for muscle architecture, which suggests that overall changes in muscles size, rather than in muscle architecture, are selected for to increase sprint speed.
